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In this work, we present limits on natural supersymmetry scenarios based on searches in data taken
during run 1 of the LHC. We consider a set of 22000 model points in a six dimensional parameter
space. These scenarios are minimal in the sense of only keeping those superparticles relatively light
that are required to cancel the leading quadratically divergent quantum corrections (from the top
and QCD sector) to the Higgs mass in the Standard Model. The resulting mass spectra feature
higgsinos as the lightest supersymmetric particle, as well as relatively light third generation SU(2)
doublet squarks and SU(2) singlet stops and gluinos while assuming a Standard Model like Higgs
boson. All remaining supersymmetric particles and Higgs bosons are assumed to be decoupled. We
check each parameter set against a large number of LHC searches as implemented in the public
code CheckMATE. These searches show a considerable degree of complementarity, i.e. in general
many searches have to be considered in order to check whether a given scenario is allowed. We
delineate allowed and excluded regions in parameter space. For example, we find that all scenarios
where either mt˜1 < 230 GeV or mg˜ < 440 GeV are clearly excluded, while all model points where
mt˜1 > 660 GeV and mg˜ > 1180 GeV remain allowed.
I. INTRODUCTION
Supersymmetry (SUSY) is one of the best moti-
vated extensions of the standard model (SM); it sta-
bilizes the gauge hierarchy against radiative correc-
tions, and allows one–step unification of the gauge cou-
plings of the SM [1]. Assuming a discrete symmetry
like R−parity [2], the lightest supersymmetric parti-
cle (LSP) is stable, and can make a good Dark Matter
candidate [1]. This symmetry also implies that su-
persymmetric particles can only be produced in pairs
and subsequently decay into SM particles and the LSP.
Since the LSP escapes detection at both multipurpose
detectors ATLAS and CMS, supersymmetric particle
production can give rise to large missing transverse
momentum, accompanied by high momentum jets and
leptons.
The LHC detectors started to take data in 2010 at
the center of mass energy of 7 TeV and both collected
about 5 fb−1 of integrated luminosity. In 2012, the
center of mass energy was increased to
√
s = 8 TeV
and at the end of the run, both ATLAS and CMS
recorded about 20 fb−1 of data. Unfortunately no
significant excess above the SM expectation has been
found, although a few 2 to 3σ anomalies have been
found, which can be explained in the framework of
supersymmetry [3, 4]. The null results of both ex-
periments have been translated into strict bounds on
extensions of the SM. These extensions include super-
symmetric models with simplifying assumptions on the
soft breaking sector such as in the mSUGRA/CMSSM
model [5], as well as simplified models containing
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only a few supersymmetric particles and couplings [6].
For example, assuming degenerate squark and gluino
masses as well as a light neutralino LSP, squarks and
gluinos below 1.8 TeV are now excluded [7].
These search limits, together with the discovery of
a relatively heavy SM–like Higgs boson [8], put some
strain on a supersymmetric solution of the finetuning
problem. As well known, in theories with exact super-
symmetry the Higgs mass is completely unaffected by
loop corrections. Once soft breaking terms are intro-
duced, quadratically divergent corrections continue to
cancel, unlike in the SM, but there are corrections to
the squared Higgs mass parameters in the Lagrangian
that scale with (combinations of) squares of these soft
masses. At the same time corrections to the physi-
cal mass of the lightest CP–even neutral Higgs boson,
which at the tree–level is lighter than the Z boson,
only scale logarithmically with the soft SUSY break-
ing parameters, in particular the stop masses. A Higgs
mass near 125 GeV therefore requires relatively heavy
stops, which in turn tends to require corrections to
the Lagrangian parameters that are larger than the
tree–level values.
Quantifying the resulting finetuning is far from triv-
ial, however. Most analyses now define finetuning via
the sensitivity measures first introduced in [9]. Ap-
plying this to the weak scale Higgs mass parame-
ters, which determine the size of the vacuum expecta-
tion values breaking the electroweak gauge symmetry,
one finds that finetuning increases quadratically with
the supersymmetric higgs(ino) mass parameter µ (at
tree level), and with the soft supersymmetry breaking
masses of the stop squarks (at one–loop level) and of
the gluino (at two–loop level). Refs. [10–12] therefore
define natural supersymmetry to contain rather light
higgsinos, perhaps somewhat heavier stop squarks and
still not very heavy gluinos. All other superparticles
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2can be out of reach of the LHC without leading to
undue finetuning, at least as defined in this manner.
We adopt this definition of natural supersymmetry
in our analysis. It is based on an analysis of the Higgs
potential at the electroweak scale, without assump-
tions about high–scale physics (e.g., boundary condi-
tions for the soft terms); however, it makes the im-
plicit assumption that weak–scale masses of the rele-
vant superparticles are independent parameters. It is
minimal in the sense of requiring the minimal number
of relatively light particles needed to cancel the lead-
ing quadratically divergent radiative corrections to the
mass of the Higgs boson in the SM. This feature allows
a complete scan of the relevant parameter space using
a cluster of a few thousand CPUs. This is why we fo-
cus on this “minimal natural supersymmetry” here.1
In particular, the first and second generation
squarks are assumed to be decoupled. This avoids
constraints from supersymmetric “flavor excitation”
reactions like qq′ → q˜q˜′ as well as qg → q˜g˜, whose
cross sections can easily exceed those for qq¯ → t˜t˜∗, g˜g˜
if mq˜ ∼ mg˜,mt˜. At the same time, “natural SUSY”
in this sense requires relatively light higgsinos, third
generation squarks at the TeV scale or (preferably)
below, and a gluino not far above 1 TeV. ATLAS and
CMS have started to optimize searches for such scenar-
ios and a relatively large number of “natural SUSY”
searches have by now been published.
However, as already noted, for a given mass third
generation scalars have much lower production cross
sections than first generation squarks. In addition, the
cascade decays of third generation scalars can be quite
involved; in particular, top quarks in the final state de-
cay into three jets, or into a single b−jet plus a charged
lepton and a neutrino. These cascade decays tend to
spread the signal over several final states. These two
effects imply that limits on third generation sparticles
are generally weaker than for first generation squarks.
So far, experimental limits have been only derived on
simplified natural SUSY scenarios involving at most
three sparticles and with simplifying assumptions on
the decay modes [15, 16]. In this paper we instead
consider realistic natural SUSY scenarios which are
consistent with low energy limits as well as the obser-
vation of the 125 GeV Higgs boson.
1 The “most natural” spectrum does depend on how exactly
finetuning is defined. For example, if the “fundamental” pa-
rameters are defined at a high scale where supersymmetry
breaking is mediated to squarks and gluinos, the finetuning
constraint on the gluino mass is often stronger than that on
stop masses [13]. On the other hand, refs.[14] argue that stop
masses well above 1 TeV may well be natural once the total
radiative corrections to the Higgs potential at the weak scale
are considered, due to cancellations between different terms.
Note that in these scenarios the weak–scale parameters are
functions of – often fewer – “fundamental” parameters at the
input scale, in which case the weak–scale parameters are not
independent of each other.
Phenomenological studies of natural SUSY scenar-
ios at the LHC have been performed in [17–22]. How-
ever, these earlier papers either did not investigate the
whole parameter space of natural SUSY, or they did
not use the entire available set of LHC searches, recast
for a complete natural SUSY framework.
In this work, we look at the phenomenology of
fairly general natural SUSY scenarios. We parame-
terize the spectrum of relevant superparticles with six
free parameters: the masses of SU(2) singlet (“right–
handed”) and doublet (“left–handed”) stop squarks,
the higgsino mass parameter, the gluino mass, the tri-
linear stop sector soft breaking parameter, and the
ratio of vacuum expectation values of the two Higgs
doublets. We define these parameters directly at the
weak scale, without imposing any relations between
them. We randomly sample this six dimensional pa-
rameter space with about 22,000 spectra, all of which
have the correct Higgs mass and the lightest neutralino
as the LSP, assuming flat priors. This set of model
points covers a large number of collider signatures at
the LHC. We simulate all signal processes and pass
them to a fast detector simulation. These signal events
are then confronted with current ATLAS and CMS
searches. We consider the relevant searches for nat-
ural SUSY as well as inclusive SUSY searches at the
LHC. We show allowed and excluded regions of pa-
rameter space. While we do not combine searches in
a statistical sense, we show that many searches con-
tribute to the final limits.
The remainder of this article is organized as follows.
In Sect. II we define the natural SUSY scenario we con-
sider, and qualitatively discuss its collider signatures.
In Sect. III we first discuss the numerical tools em-
ployed for this study and then describe how we per-
form the scan. Our numerical results are shown in
Sect. IV. We conclude in Sect. V.
II. NATURAL SUPERSYMMETRY SETUP
The goal of “natural” SUSY models is to minimize
finetuning while accommodating a 125 GeV Higgs bo-
son as well as the negative results of searches for super-
particles. The finetuning in question is associated with
the spontaneous breaking of the electroweak gauge
symmetry. In the Minimal Supersymmetric extension
of the Standard Model (MSSM) the higgsino mass pa-
rameter µ is fixed by the minimization conditions of
the Higgs potential [1],
µ2 =
m2Hd −m2Hu tan2 β
tan2 β − 1 −
1
2
M2Z . (1)
Herem2Hu,d are the squared soft supersymmetry break-
ing masses of the Higgs doublet giving masses to up–
type and down–type quarks, respectively, tanβ is the
ratio of the vacuum expectation values of H0u and H
0
d ,
and MZ is the mass of the Z boson. In a “natural”
3theory each individual term on the right–hand side of
eq.(1) should be at most of order M2Z . An immedi-
ate consequence is that µ should also be of order MZ ,
leading to relatively light higgsinos in the spectrum.
The minimization condition (1) holds for running
parameters defined at scale QEW; a common choice
is QEW =
√
mt˜1mt˜2 where t˜1, t˜2 are the two stop
mass eigenstates, since this approximately minimizes
the leading radiative corrections to the Higgs poten-
tial [23]. The soft breaking masses in eq.(1) are subject
to radiative corrections. The leading one–loop correc-
tions involve stop squarks and scale with m2
t˜1,2
. Keep-
ing these corrections small thus indicates that stop
masses should be as small as possible [12]. At two loop
order, gluino loops also renormalize the soft breaking
Higgs masses; keeping these corrections under control
requires gluino masses not too much above the TeV
scale [12].
It should be recognized that these arguments are
somewhat qualitative. Obviously the upper bounds
on higgsino, stop and gluino masses depend on how
much finetuning one is willing to tolerate. Moreover,
the precise definition of the “fundamental” parameters
of the theory, including the energy scale at which they
are defined, also matters [13]. Here we follow the spirit
of ref.[12] and define our “minimal natural SUSY” sce-
nario to have higgsinos with masses below 500 GeV,
third generation scalar quarks with masses less than
1.5 TeV and gluinos with mass below 3 TeV. Given
the upper bound on the stop masses, the light CP–
even Higgs boson h can attain its observed mass near
125 GeV only if the trilinear |At| soft breaking term
is quite large. The variable input parameters defining
our natural SUSY scenario are listed in Table I.
In addition we assume a common large mass for the
first and second generation squarks, b˜R squarks and
all sleptons, which we fix to m2
f˜
= 1.5 · 107 GeV2.
This easily satisfies constraints from the null results
of SUSY searches from ATLAS and CMS, avoids con-
straints from flavor changing neutral currents and alle-
viates bounds from CP violating processes [24]. Note
that we only consider scenarios with tanβ ≤ 20, so
that b˜ loops are subdominant and b˜R can be made
heavy. (mb˜L = mt˜L by gauge invariance.) We de-
couple the electroweak gauginos as well, setting M1 =
M2 = 3 TeV. Since the observed Higgs boson is SM–
like, we are working in the decoupling limit with a
large mass of the pseudoscalar Higgs, mA = 2.5 TeV.
The precise values of these masses basically do not
matter for our analysis, as long as these particles are
well beyond the range of LHC run–1. Since the bot-
tom trilinear soft breaking coupling Ab has only little
impact on the phenomenology we set Ab = 0 for sim-
plicity. Since m2
b˜R
 m2
b˜L
, L − R mixing in the sbot-
tom sector is suppressed, in contrast to the stop sector,
where the mass eigenstates generally are mixtures of
t˜L and t˜R squarks. Finally, we assume R−parity to be
conserved. This implies that the LSP, which is stable,
must be electrically neutral; in the context of our sce-
nario this means that the lightest neutralino must be
the LSP.
In most cases making all sparticles heavy that
are not involved in the simple finetuning argument
outlined above should be conservative, in the sense
that additional light superparticles lead to additional
production channels which might exclude a scenario
that is otherwise allowed. Also, light selectrons or
smuons might be produced in cascade decays, increas-
ing the rate of multi–lepton events which are generally
more tightly constrained than purely hadronic events.
There are two exceptions to this, however. The con-
straints on the direct production of τ˜ leptons are still
quite weak, and the τ tagging efficiency is not large.
Allowing the τ˜ sleptons to be light would therefore
probably not make a scenario easier to exclude. On the
other hand, as long as the Bino and Wino masses are
very large, τ˜ sleptons would not be produced in stop
or gluino decays even if they were light, so allowing
light τ˜ ’s would probably not change our conclusions.
The second, and potentially more worrisome, excep-
tion is the Bino. If first and second generation squarks
are heavy the direct Bino production cross section is
very small, so a light Bino would not change the to-
tal SUSY production cross section very much. On the
other hand a light Bino would allow scenarios where
the lighter (higgsino–like) chargino χ˜+1 is heavier than
the lighter stop t˜1. If in addition mt + mχ˜01 is only
slightly smaller than mt˜1 , t˜1 → t + χ˜01 decays would
have a large branching ratio (since this would be the
only allowed two–body decay mode of t˜1), but a rather
poor signature (since t˜1 would then look like a top
quark, which has a much larger production cross sec-
tion and thus contributes a formidable background).
This would make searches even for quite light stops
difficult, although not impossible [25]. This loophole
is not really available in our scenario, since we have
mχ˜01 ' mχ˜02 ' mχ˜+1 ' |µ| < mt˜1 , where the last in-
equality follows from our demand that the LSP be the
lightest neutralino; hence mt +mχ˜01 ' mt˜1 would im-
ply that many t˜1 would decay into b+ χ˜
+
1 , which (for
mχ˜+1
' mχ˜01) looks quite different from a top quark.
However, even in a more general model utilizing this
loophole requires some finetuning, which arguably is
against the spirit of natural supersymmetry. More-
over, at least in standard cosmology a stable Bino–like
LSP well separated in mass from all other sparticles
would have a much too high cosmological relic density.
Avoiding this would require additional finetuning, e.g.
by chosing mτ˜1 ' mχ˜01 [26]. In contrast, our spectra,
which feature a higgsino–like, relatively light LSP, are
cosmologically safe, although in standard cosmology
the bulk of the dark matter density would have to be
provided by some other particle, e.g. the axion or/and
the axino [27].
Finally, one might worry that even if the Bino is
too heavy to be produced in stop or gluino decays the
4Parameter Description Scanned range
mQ˜t 3
rd generation SU(2) doublet soft breaking squark mass [0.1 TeV, 1.5 TeV]
mt˜R 3
rd generation SU(2) singlet soft breaking squark mass [0.1 TeV, 1.5 TeV]
M3 Gluino mass parameter [0.1 TeV, 3.0 TeV]
At Stop trilinear coupling [−3.0 TeV, 3.0 TeV]
µ Higgsino mass parameter [0.1 TeV, 0.5 TeV]
tanβ Ratio of vacuum expectation values [1, 20]
TABLE I. Variable input parameters of our natural SUSY scenario, and the range over which these parameters are
scanned. In case of µ we give the range of the absolute value; negative values of µ are also sampled. Note that the ranges
refer to the running DR parameters, defined at scale Q = 1 TeV.
boundaries of the allowed regions might still depend on
its mass, since it affects the mass splitting between the
higgsino–like states, and hence the amount of visible
energy produced in the decays of the heavier states.
We show near the end of Sec. IV that this is not the
case.
Since in our scenario the only potentially accessi-
ble strongly interacting superparticles are gluinos and
third generation squarks, the most important produc-
tion channels are:
pp→ g˜g˜, pp→ t˜1(2)t˜∗1(2), pp→ b˜1b˜∗1, (2)
where all sparticle production processes can be accom-
panied by additional initial and/or final state radi-
ation. We have omitted the production of higgsino
pairs since the small splitting between the higgsino
mass eigenstates, typically O(1) GeV in our scenario,
make the χ˜02 and χ˜
±
1 decay products too soft for hig-
gsino pair production to be detectable at the LHC.
On the other hand, the mass difference is sufficiently
large for these decays to be effectively prompt [28].
Hence the chargino and the heavier neutralino mass
eigenstate can be treated as missing energy, just like
the lightest neutralino. However, the production of a
higgsino pair in association with a jet (monojet sig-
nature) is negligible at the LHC since the production
rate is too small even for Run 2 of the LHC [29].
Depending on the ordering of the states in the spec-
trum, the decay chains can be relatively complicated.
If kinematically allowed, the third generation squarks
will dominantly decay via the strong interaction into
a gluino and a quark:
t˜a → tg˜ (a = 1, 2), b˜1 → bg˜ . (3)
The squarks can always undergo two–body decay via
Yukawa interactions:
t˜a → tχ˜0l (l = 1, 2), bχ˜+1 , (4)
b˜1 → bχ˜0l (l = 1, 2), tχ˜−1 . (5)
Since the top Yukawa coupling is quite large, the
branching ratios for decays (4) will be sizable even if
the strong decays (3) are allowed. As shown above, all
three higgsino states effectively act as missing energy
in our scenario.
In addition, the squarks can have purely bosonic
decay modes:
t˜a → b˜1W+ (a = 1, 2) , b˜1 → t˜1W− , (6)
t˜2 → t˜1Z, t˜2 → t˜1h. (7)
Since in our scenario the two–body decay t˜1 → bχ˜+1
is practically always allowed, as noted above, tree–
level three– or four–body decays, as well as the loop–
induced decay t˜1 → cχ˜01, which in general can be quite
important [30], do not play a role in our scan.
If kinematically allowed, gluinos decay via the tree–
level two–body modes
g˜ → t˜at¯, t˜∗at (a = 1, 2) , b˜1b¯, b˜∗1b . (8)
If these decays are kinematically suppressed, tree–
level three–body decays via off–shell third generation
squarks are possible:
g˜ → bb¯χ˜0l , tt¯χ˜l0 (l = 1, 2) bt¯χ˜+1 , b¯tχ˜−1 . (9)
All gluino decay modes in eqs.(8) and (9) give rise
to a large b−jet multiplicity. For a given mass the
gluino, being a color octet fermion, has a much larger
cross section than the scalar color triplet third gener-
ation squarks. This indicates that searches for final
states containing b−jets and missing ET will play an
important role in probing our natural SUSY scenario.
However, if all squarks are much heavier than the
gluino, the tree–level two–body modes (8) are closed,
and the modes (9) are strongly suppressed by the off–
shell squark propagator. In this case the loop–induced
gluino decays [31, 32]
g˜ → gχ˜0l (l = 1, 2) (10)
become important.
III. NUMERICAL ANALYSIS
In this section, we first discuss the numerical tools
used in this work. Then we describe the generation of
model points, summarize theoretical and low energy
constraints and describe the framework for testing the
model points against LHC data.
5A. Numerical Tools
The masses and decay branching ratios for
each model point in the scan are calculated with
SPheno3.3.2 [33]. For benchmark points with a com-
pressed spectrum2, a matched sample of signal events
including up to one additional parton (i.e. matching
parton–level 2 → 2 and 2 → 3 events) is generated
with Madgraph5.1.2 [34] interfaced with Pythia 6.4
[35] for showering and hadronization. Otherwise, the
entire event generation is handled by Pythia 8.185
[36]. We rescale the cross sections with a flat k-
factor of 1.5. The truth level MC events are passed
on to CheckMATE1.2.1 [37–39] which is based on the
modified fast detector simulation Delphes 3.10 [40].
CheckMATE tests if the model point is excluded or not
at 95% confidence level by comparing with published
experimental searches at the LHC. Since CheckMATE
uses the background estimates provided by the exper-
iments as part of their analyses, no background events
had to be generated by us.
B. Scan Procedure
We have performed a multidimensional scan in the
parameters of natural SUSY. To that end, we have
randomly generated sets of the free parameters within
the ranges shown in Table I, assuming flat probability
distributions. The lower bounds on the masses reflect
the results of searches at lower energy colliders. In par-
ticular, searches at LEP exclude model points where a
charged superparticle is lighter than about 100 GeV.
All other soft breaking parameters are given constant
large values, as described in Sec.II. The sign of µ is
also chosen randomly with equal a priori probability
for positive and negative µ.
The values of these input parameters are passed on
to the spectrum generator SPheno, which computes
the on–shell masses from the input DR parameters.
SPheno also applies theoretical and experimental con-
straints on the spectrum. All benchmark points must
have correct electroweak symmetry breaking, and all
sfermions must have positive squared masses. We also
demand that the lightest CP–even Higgs boson must
have a mass mh = 125± 3 GeV, where the range is an
estimate of the uncertainty of the calculation. We dis-
card model points where the LSP is not the lightest
neutralino. We require the mass difference between
the lighter chargino and the LSP to exceed 150 MeV,
in which case χ˜±1 decays are prompt. The presence of
long–lived heavy charged particles in the event would
constitute a good signature with little SM background
[41].
2 The precise definition is given in the next subsection
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FIG. 1. Distribution of the mass splitting between χ˜02 and
χ˜01 for our model points satisfying the preselection con-
straints.
We checked that the stop loop contribution to the
electroweak ρ parameter [42] is always within the ex-
perimental limits, and we expect this to be true for
other electroweak precision observables as well, due
to the decoupling property of supersymmetric parti-
cles. An unpublished combined exclusion limit on the
chargino mass by all four LEP collaborations place a
lower limit of 103.5 GeV. However, for very small mass
differences, the limit becomes weaker. We impose a
lower mass limit of 100 GeV on the lightest chargino
eigenstate from data of the LEP2 run [43–45]. We do
not explicitly apply any Tevatron limits as a preselec-
tion of the benchmark points; recall, however, that we
only sample spectra with gluino mass above 100 GeV.
We have randomly generated about 22, 000 model
points satisfying all the preselection cuts. Since the
higgsino mass eigenstates are nearly mass degenerate,
the NLSP is in general the lighter chargino mass eigen-
state or the second lightest neutralino. In Fig. 1 we
show the mass splitting between the LSP and the sec-
ond lightest neutralino. For a mass splitting larger
than the pion mass, the decay of the heavier neutralino
is effectively prompt. However, this figure also shows
that the visible χ˜02 decay products will almost always
be too soft to be observed at the LHC.
In Fig. 2 we show histograms of the scalar particle
masses. We see a significant mass splitting between
the lighter and the heavier stop mass eigenstates. For
relatively light t˜1, a rather heavy t˜2 is required to ob-
tain a sufficiently large value of mh in the MSSM; the
smallest value of mt˜2 among the 22,000 model points is
just under 800 GeV. Since even within simplified mod-
els current lower bounds on third generation sparticle
masses do not exceed 700 GeV, t˜2 pair production by
itself does not lead to significant constraints on our
model points. Thus we will be sensitive to the bosonic
decays t˜2 as described in Eq. (7) mostly if t˜2 is pro-
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FIG. 2. Distributions of the masses of the third generation
squarks t˜1, t˜2 and b˜1 for our model points satisfying the
preselection constraints.
duced in gluino decays.
As expected, the mass of the lighter sbottom cov-
ers a large range. If the lighter stop mass eigenstate
is dominantly a SU(2) doublet, a light sbottom mass
eigenstate with similar mass will also emerge in the
sparticle spectrum. Bosonic b˜1 → t˜1W± decays, see
Eq. (6), can be important as long as t˜1 has a signif-
icant SU(2) doublet component. This could lead to
observable signals even if direct stop pair production
is not observable because the mass splitting to the LSP
is too small. Finally, recall that we fixed the b˜R mass
to a very large value, so b˜R production does not play
any role in our scan.
Fig. 3 shows the gluino mass distribution. It is basi-
cally flat above 500 GeV; this is not unexpected, since
the soft breaking (DR) gluino mass is one of the in-
put parameters that is randomly sampled from a flat
distribution. The distribution falls off below 500 GeV
since we discard points with mg˜ < mχ˜01 ' |µ|, and
we require |µ| < 500 GeV. In simplified models gluino
pair production followed by gluino decay into third
generation (s)quarks can be probed by published LHC
searches for gluino masses up to 1.3 TeV. We also sam-
pled model points with significantly heavier gluinos
since in principle combinations of gluino and third gen-
eration squark pair production might exclude model
points where squark and gluino production by itself
satisfies all constraints. Moreover, we wanted to have a
statistically meaningful sample where effectively only
the third generation squarks could contribute to sig-
natures at run 1 of the LHC.
We saw in the last section that natural supersym-
metry scenarios cover a large number of final state
topologies. The relative importance of these topolo-
gies depends on the details of the particle spectrum,
e. g. on the mass ordering and the mixing between
the stop current eigenstates. Fortunately, both LHC
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FIG. 3. Distributions of the masses of the gluino for our
model points satisfying the preselection constraints.
experiments ATLAS and CMS have covered a large
number of final states relevant for the production of
stops, sbottoms as well as gluinos. Moreover, both ex-
periments have performed powerful “inclusive” SUSY
searches, targeting final states with (generally un-
tagged) jets and a large amount of missing ET , in some
cases also requiring the presence of charged leptons.
These inclusive searches were used primarily to derive
limits on the parameter space of constrained super-
symmetric models, but they can also be sensitive to
our natural SUSY scenario. By considering all these
searches together we expect to obtain improved limits
on the parameter space.
The relevant searches implemented in CheckMATE
are listed in Table II. The left column gives an identi-
fier for the given search; published results are identi-
fied by their arXiv number, while results from confer-
ence proceedings are identified with their ATLAS or
CMS internal number. The second column of this Ta-
ble show the final state signature for which the given
analysis is optimized. The third column gives the to-
tal integrated luminosity used in that analysis. More
details about these twelve experimental searches are
given in Appendix A.
It should be mentioned that the preponderance of
ATLAS searches is simply due to the historical acci-
dent that CheckMATE currently has implemented many
more ATLAS than CMS analyses. Generally ATLAS
and CMS searches for a given final state show simi-
lar sensitivity. Since we do not statistically combine
different searches, adding CMS searches for the final
states also searched for by ATLAS would not change
our results very much. We do include a couple of CMS
searches that do not have a close ATLAS equivalent.
In order to predict the number of signal events for
all signal regions of the various analyses several simu-
lation steps are needed. We first generate 5, 000 truth
level Monte Carlo (MC) events for each benchmark
7Reference Final State L [fb−1]
1308.2631 (ATLAS) [51] 0`+2b jets+/ET 20.1
1403.4853 (ATLAS) [52] 2`+/ET 20.3
1404.2500 (ATLAS) [54] SS 2` or 3` 20.3
1407.0583 (ATLAS) [55] 1`+(b) jets+/ET 20.0
1407.0608 (ATLAS) [56] monojet+/ET 20.3
1303.2985 (CMS) [57] αT+b jets 11.7
ATLAS-CONF-2012-104 [58] 1`+≥ 4 jets+/ET 5.8
ATLAS-CONF-2013-024 [59] 0`+6 (2b) jets+/ET 20.5
ATLAS-CONF-2013-047 [60] 0`+2-6 jets+/ET 20.3
ATLAS-CONF-2013-061 [61] 0-1`+≥ 3b jets+/ET 20.1
ATLAS-CONF-2013-062 [62] 1-2`+3-6 jets+/ET 20.0
CMS-SUS-13-016 [63] OS 2`+≥3b jets 19.7
TABLE II. The experimental analyses used in our study.
The *CONF* papers are only published as conference pro-
ceedings, the others are given by their arXiv number. The
middle column denotes the final state for which the anal-
ysis is optimized, and the third column shows the total
integrated luminosity employed in this analysis.
point, including all processes given in Eq. (2). The
corresponding total cross section before cuts is also
computed at this step; as noted above, we scale up the
leading order cross section by a universal “k−factor”
of 1.5.
For strongly interacting sparticles with relatively
small mass splitting to the LSP, leading to rather soft
visible decay products, an accurate treatment of ad-
ditional radiation is important; in the extreme case
of very small mass splitting this can give rise to a
monojet signature [46], which has been searched for
in one of the analyses we consider [56]. We there-
fore describe the pair production of third generation
squarks or gluinos with mass less than 300 GeV above
the LSP mass by matching event samples with two and
three partons in the final state, using the parton-jet
MLM matching algorithm described in Ref. [47]. The
numerical matching is performed with Madgraph in-
terfaced with the shower generator Pythia6.4, where
we applied a pT sorted parton shower and hadroniza-
tion is switched on. We generate 50, 000 MadGraph
events for each of these model points; this tenfold in-
crease overcompensates the fact that some events are
removed in the matching process. In order to reduce
the required computational effort, the production of
superparticles with larger mass splitting to the LSP is
directly handled by Pythia8.185 without matching.
In some cases, Pythia was not able to hadronize final
states from sparticle decays with very small splitting
and we removed those model points.
The truth level MC events are then further pro-
cessed with the tool CheckMATE. It consists of a simula-
tion of the detector response with a modified Delphes
where the settings have been retuned to mimic the
responses of the ATLAS detector. In particular, an
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FIG. 4. The data points show b−tagging efficiencies as de-
termined by the ATLAS collaboration from two different
analyses [48, 49], for one specific working point. The dot-
ted line is a fit to these data points, and the red dashed
curve shows the actual CheckMATE implementation, which
has been scaled down by a factor 0.85 as described in the
text.
accurate description of the b−tagging efficiency is of
crucial importance since, as shown in Table II, many
third generation searches rely on b−tagging. The tag-
ging efficiency measured by ATLAS and its implemen-
tation in CheckMATE are shown in Fig. 4 as a function
of the pT of the b−jet. Here the parameters of the tag-
ging algorithm have been chosen such that the overall
b−tagging efficiency for tt¯ events is 70 %. Two differ-
ent data sets have been used to derive the fit shown
in this figure, with different sensitivities at small and
large momenta [48, 49]. Moreover, the overall normal-
ization has been reduced by 15 % in order to obtain
better agreement between the CheckMATE implemen-
tation of ATLAS and CMS new physics searches and
the actual experimental results. This could be due to
the final states in new physics searches typically being
more complicated than the ones used to determine the
b−tagging efficiency shown in Fig. 4.
The reconstructed detector level objects, as well as
the total cross sections computed earlier, are then
passed on to the analysis module of CheckMATE. All
studies listed in Table II have been implemented in
CheckMATE and have been carefully validated against
the results published by the experiments. CheckMATE
typically reproduces the total cut efficiency given by
the experiments with an accuracy of 10% or better.
More details on the validation of all implemented ex-
perimental searches can be found in the CheckMATE
manual and web page [37, 38].
We check each model point against all the analyses
given in Table II. Note that each of these analyses de-
fines several “signal regions”, defined by sets of kine-
matic cuts. Out of these many regions, CheckMATE
8finds the one with the largest expected exclusion po-
tential; this is computed from the background deter-
mined by the experimenters and its error, as well as
the signal cross section times cut efficiency for this
particular signal region, and is independent of the ac-
tually observed number of events in this signal region.
Finally, for the signal region selected in this manner,
CheckMATE compares the sum of the background and
the predicted signal with the actual experimental ob-
servation and determines if the model point is excluded
at the 95% C.L., using the so–called CLS method [50].
More specifically, it computes the parameter
r ≡ S − 1.96 ·∆S
S95exp.
, (11)
where S is the number of signal events, ∆S denotes
its theoretical uncertainty, and and S95exp. is the ex-
perimentally determined 95% confidence level limit
on the signal. We only include the error from the
limited statistics of our Monte Carlo simulation, i.e.
∆S =
√
S. The actual (as opposed to expected) value
of r is only computed for the “optimal” signal region
defined above, in order to avoid spurious exclusions
due to downward fluctuations in the data; since the
analyses we employ define well over a hundred sig-
nal regions, we expect several 2σ fluctuations to have
occurred in these data. In order to keep the statisti-
cal analysis simple and transparent, CheckMATE does
not statistically combine signal regions of a particu-
lar analysis, nor does it combine different analyses.
CheckMATE considers a model to be excluded at 95%
c.l. level if r defined in eq.(11) exceeds 1. Accord-
ing to this strict definition, Monte Carlo fluctuations
would decide whether scenarios with r ≈ 1 are consid-
ered excluded or allowed. We therefore increase the
event sample to 50, 000 whenever the original assess-
ment of r gave a value between 2/3 and 3/2. More-
over, we conservatively consider a model point to be
(definitely) excluded only if our final estimate gives
r ≥ 1.5, while points with r ≤ 2/3 are considered
(definitely) allowed. Model points with 2/3 < r < 3/2
are thus indeterminate. This can be considered to be
a (probably rather conservative) simple method to in-
clude theoretical uncertainties on the predicted signal
strengths.
IV. LIMITS ON GLUINO AND THIRD
GENERATION SCALAR MASSES
We are now ready to present numerical results of
our scan. We first make some general remarks and
then show the distribution of allowed and excluded
points in the planes spanned by two of the three most
important model parameters, which are the masses of
the gluino, of the lighter stop, and of the LSP. We also
delineate completely excluded as well as completely
allowed regions of parameter space. Finally, we discuss
the properties of model points which evade current
collider searches.
As previously described, we have randomly gener-
ated 22, 000 model points. In the majority of these
points all superparticles are beyond the reach of LHC
run 1, and thus these models points are still allowed.
However, about 25 % of all model points are ruled out
by the experimental searches we consider (r > 1.5)
and another 6.6 % are indeterminate (2/3 < r < 3/2).
Table III compiles statistics about the twelve consid-
ered analyses. Columns 3 through 6 give the fractions
of model points for which a given analysis is the most
sensitive one. This is shown with respect to the en-
tire set of model points (col. 3), as well as specifying
to clearly excluded (col. 4), ambiguous (col. 5) and
clearly allowed model points (col. 6).
We see that the ATLAS search [61] for final states
with missing transverse momentum and at least three
b jets performs best among the clearly excluded and
ambiguous points. This is not surprising since we ex-
pect a large number of b jets from direct gluino pair
production with subsequent decay into third genera-
tion sparticles. The ATLAS inclusive multijet plus
missing ET search with a charged lepton veto [60] also
plays an important role in constraining natural SUSY
even though the study is not optimized for this sce-
nario. In fact, we see that this search offers the best
sensitivity for clearly allowed points. This indicates
that in future inclusive SUSY searches might be more
important in further constraining the currently still
allowed parameter space of natural SUSY than ded-
icated searches for third generation squarks. This is
related to our upper bound |µ| < 500 GeV, which en-
sures that model points where all strongly interacting
sparticles are well beyond current sensitivity limits will
have large mass splitting to the LSP. This implies good
sensitivity for the inclusive search, without having to
pay the price in efficiency that is required by multiple
b−tags.
While either of these two analyses performs best in
nearly two third of the excluded model points, a total
of six further searches sometimes have the best sensi-
tivity. This shows the importance of including a large
set of experimental searches when constraining the pa-
rameter space even of our relatively simple implemen-
tation of natural supersymmetry. In particular, the
inclusive CMS αT analysis [57] classifying events ac-
cording to their b jet multiplicity performs quite well
despite the fact that the data sample only corresponds
to an integrated luminosity of 11.7 inverse femtobarn.
The ATLAS single lepton search [55] also does a rea-
sonably good job. In our case decays of the stop into
t˜1 → tχ˜01, or three–body gluino decays including at
least one top quark in the final state, will result in
many events with one isolated lepton.
On the other hand, we see that searches that require
two or more charged leptons never have the best sensi-
tivity to our model points. The rate for two lepton fi-
nal states is heavily suppressed by the leptonic branch-
9Experiment Final State Best Sensitivity Excludes
all excluded ambiguous allowed
ATLAS [61] 0-1`+≥ 3b jets+/ET 0.22 0.37 0.56 0.13 0.57
ATLAS [60] 0`+2-6 jets+/ET 0.37 0.25 0.056 0.44 0.69
CMS [57] αT+b jets 0.088 0.11 0.14 0.075 0.66
ATLAS [59] 0`+6 (2b) jets+/ET 0.044 0.12 0.041 0.016 0.58
ATLAS [55] 1`+(b) jets+/ET 0.14 0.078 0.10 0.16 0.45
ATLAS [56] monojet+/ET 0.013 0.042 0.018 0.002 0.23
ATLAS [51] 0`+2b jets+/ET 0.10 0.019 0.085 0.13 0.051
ATLAS [62] 1-2`+3-6 jets+/ET 0.024 0.002 0.001 0.034 0.50
ATLAS [54] SS 2` or 3` 0.0 0.0 0.0 0.0 0.070
ATLAS [58] 1`+≥ 4 jets+/ET 0.0 0.0 0.0 0.0 0.12
CMS [63] OS 2`+≥3b jets 0.0 0.0 0.0 0.0 0.043
ATLAS [52] 2`+/ET 0.0 0.0 0.0 0.0 0.0
TABLE III. Statistical information about the sensitivity of the twelve analyses with respect to our natural SUSY scenarios.
The first column gives the name of the experiment and the references. The corresponding final state is given in the second
columns. Columns three through six give the fraction of model points for which this analysis is the most sensitive one;
column 3 is for the entire set of model points, while the next three columns only include model points with r > 1.5, 2/3 <
r < 3/2 and r < 2/3, respectively. The last column gives the fraction of all excluded model points that are (also) excluded
by this particular analysis, i.e. where this analysis has r > 1.5.
ing ratio. This might change, however, if we allowed
sleptons to be relatively light, which would e.g. be re-
quired if loops with supersymmetric particles were to
explain the ∼ 3σ deviation in the anomalous magnetic
moment of the muon. It should be noted that the mul-
tivariate analysis targeting the decay mode t˜1 → tχ˜01 in
[52] is not implemented in this work, since CheckMATE
currently only allows to implement cut–based analy-
ses; the other signal regions in [52] are optimized for
stop decays into charginos with leptonic chargino de-
cays and thus dilepton final states from t˜1 → tχ˜01 de-
cays are frequently missed. Same sign tops, leading to
events with two same sign leptons, can be produced in
the decays of the gluino. An analogous signature can
also arise from gluino mediated sbottom production
with the subsequent decay b˜1 → tχ˜±1 . Events with
same sign leptons have a very small SM background.
However, again due to the small cumulative branching
ratio the SS dilepton search does not perform as well
as the other searches.
The last column in Table III shows the fraction
of clearly excluded model points (i.e. points with
r > 1.5) that are excluded by this analysis, i.e. where
the best signal region of a given analysis has r > 1.5.
The entry in this column is obviously larger than that
in the second column, which only counts the fraction
of model points for which this particular analysis per-
forms best. The sum of the entries in this column is
significantly larger than 1, showing that many disal-
lowed points are in fact excluded by several indepen-
dent analyses. Even the searches for final states with
two or more leptons, which never offer the best sensi-
tivity as we just saw, do exclude some of our points, i.e.
they help to increase the confidence level with which
these points can be excluded; the only exception is the
ATLAS search of ref.[52], which does not exclude any
of our model points.
Now we want to discuss where in the overall pa-
rameter space the experimentally excluded as well as
the clearly allowed model points are situated. To this
end we show in Figs. 5 to 8 the planes spanned by
two of the most relevant masses, which are the masses
of the gluino, of the lighter stop eigenstate, and of
the LSP. In these figures clearly excluded points (with
r > 1.5) are marked in red, and clearly allowed points
(with r < 2/3) are shown in green. Ambiguous points
are not shown at all, in order to better illustrate the
separation between allowed and excluded regions of
parameter space.
Fig. 5 shows the t˜1 and g˜ mass plane. Not surpris-
ingly, points where both these masses are large cannot
be excluded, simply because the total cross section for
the production of superparticles was too small at run
1 of the LHC. Specifically, we see that no scenarios
that satisfy mt˜1 > 580 GeV and mg˜ > 1070 GeV are
excluded. Similarly, all points with mt˜1 > 660 GeV
and mg˜ > 1180 GeV are clearly allowed. The gap at
mg˜ ' 1100 GeV is due to the ambiguous points. The
fact that a clear gap appears indicates that our defi-
nitions of allowed and excluded points are indeed con-
servative, i.e. few if any points get labeled allowed or
excluded just due to Monte Carlo fluctuation; the lat-
ter only shift points between the clearly allowed and
ambiguous categories, as well as between the clearly
excluded and ambiguous categories.
While Fig. 5 allows to define a region of the mg˜,mt˜1
plane where all points are allowed, and a slightly larger
region where no points are excluded, finding a region
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FIG. 5. Models points in the stop and gluino mass plane.
Model points clearly passing all constraints are shown in
green, while clearly excluded points are shown in red.
FIG. 6. Model points with the lighter stop mass less than
600 GeV in the LSP and gluino mass plane. The notation
is as in Fig. 5.
of this plane where all points are excluded is not so
easy. For example, we see that some points with mg˜
well above 1.2 TeV and mt˜1 < 600 GeV are excluded,
but other points with similar combination of gluino
and lighter stop mass are allowed. Similarly, there are
a few allowed points with gluino mass well below 1
TeV.
The reason for this intermingling of allowed and
excluded points is that Fig. 5 does not distinguish
between different values of the LSP mass. The
mass gap between the LSP and the directly produced
strongly interacting superparticles largely determines
the amount of visible energy, and of missing trans-
verse momentum, in the event. In Fig. 6 we there-
fore present the allowed (excluded) model points in
green (red) in the LSP and gluino mass plane while de-
manding that the lighter stop mass eigenstate is lighter
FIG. 7. Models points with the gluino mass greater than
1200 GeV in the LSP and stop mass plane. The notation
is as in Fig. 5.
than 600 GeV. We see that now no model points with
gluinos masses less than 1000 GeV and LSP mass be-
low 480 GeV are clearly allowed. Only a few model
points with mg˜ < 1 TeV are allowed, which have LSP
mass near the upper limit of our scan, leading to a rel-
atively small amount of visible energy in the events.
Similarly, all points with mt˜1 < 600 GeV, mg˜ < 950
GeV and mχ˜01 < 400 GeV are clearly excluded.
A certain number of model points with heavy gluino,
mg˜ ≥ 1100 GeV, are also excluded. It is clear from our
discussion of Fig. 5 that in these cases the exclusion is
mostly due to direct stop and, perhaps, sbottom pair
production. However, since for equal masses the t˜1
and b˜1 pair production cross sections are far smaller
than the g˜ pair production cross section, direct squark
pair production only excludes a relatively small region
of parameter space. In particular, we see from Fig. 6
that even for relatively light t˜1, mt˜1 < 600 GeV, no
points with mg˜ > 1100 GeV and mχ˜01 > 300 GeV are
clearly excluded.
The limited scope of searches for direct pair produc-
tion of third generation squarks is further illustrated
in Fig. 7, which shows all points with mg˜ > 1.2 TeV in
the t˜1 and LSP mass plane. We see again that no point
with heavy gluino and mt˜1 > 600 GeV is currently ex-
cluded. Even for LSP masses near the lower limit al-
lowed by LEP searches, there are allowed points with
mt˜1 <∼ 450 GeV, and ambiguous points withmt˜1 <∼ 350
GeV. Only the region mt˜1 < 300 GeV, mχ˜01 < 210 GeV
is completely excluded by these searches.
Fig. 8 shows the plane spanned by the gluino and
LSP masses, and only includes points where squarks
are too heavy for direct squark pair production to ex-
clude the scenario, i.e. mt˜1 ≥ 600 GeV. The limit
is thus essentially determined by the production of
gluino pairs. Recall that in natural SUSY, gluinos
quite often decay into third generation squarks; in par-
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FIG. 8. Models points with mt˜1 > 600 GeV in the LSP
and gluino mass plane. The notation is as in Fig. 5.
ticular, final states containing at least one tt¯ pair are
quite common also in many of these scenarios.
We observe a clear separation between an entirely
allowed and a mostly excluded region. Again, the gap
arises because we do not show ambiguous model points
which are neither clearly excluded nor clearly allowed.
The lower edge of the allowed region is reduced by
about 100 GeV as the LSP mass increases from its
lower bound near 100 GeV to the maximal value near
500 GeV considered in our definition of natural super-
symmetry; evidently the increased LSP mass reduces
the visible energy, and hence the efficiency of the cuts
of the most sensitive analyses. However, even for mχ˜01
near its upper bound the mass splitting to the gluino
exceeds 500 GeV in this large clearly allowed region,
so we are not yet dealing with a compressed spectrum.
This is different for the small island of allowed model
points near the right boundary of Fig. 8, with LSP
mass above 430 GeV and gluino mass below 800 GeV.
Fixing the LSP mass near 500 GeV, we see that re-
ducing the gluino mass below 1000 GeV in many
cases reduces the signal after cuts, i.e. the increase of
the total gluino pair production cross section is over–
compensated by the reduction of the cut efficiencies
of the most sensitive analyses. Somewhat surprisingly
this allowed region does not extend all the way down
to the line mχ˜01 = mg˜, which are excluded by monojet
searches in ref.[56] even for the highest LSP masses in
our scan. As a result, the region where no points are
excluded is quite small; for instance, no points with
mt˜1 > 600 GeV, mg˜ ∈ [600, 760] GeV and mχ˜01 > 470
GeV can be excluded. However, even in this narrow
range of gluino masses, there are allowed points with
LSP mass down to about 430 GeV, and ambiguous
points up to the highest LSP mass in our scan. The
reason is that the gluino branching ratios still depend
on the masses of third generation squarks, even if the
latter are too heavy for their pair production to con-
tribute significantly to the total SUSY cross section.
The various excluded, not excluded, and clearly al-
lowed regions are summarized in Table IV. Here an
“excluded (allowed) region” is a region in parameter
space in which all model points are excluded (allowed),
while a “not excluded” region is a region where no
model points are excluded; the latter regions include
ambiguous points.
Type Boundaries
Allowed mt˜1 > 660 GeV and mg˜ > 1180 GeV
mg˜ > 1150 GeV and mχ˜01
> 370 GeV
mt˜1 > 580 GeV and mg˜ > 1070 GeV
Not mg˜ > 1060 GeV and mχ˜01
> 300 GeV
excluded mt˜1 > 550 GeV, mχ˜01
> 470 GeV
and mg˜ ∈ [600 GeV, 760 GeV]
mt˜1 < 230 GeV or mg˜ < 440 GeV
Excluded mg˜ < 990 GeV and mχ˜01
< 340 GeV
mg˜ < 1040 GeV and mχ˜01
< 200 GeV
mt˜1 < 300 GeV and mχ˜01
< 210 GeV
TABLE IV. List of allowed, not excluded and excluded
regions. In the allowed regions, all model points have r <
2/3; in the excluded regions, all model points have r > 1.5;
and in the not excluded regions, all model points have r <
1.5
.
Note that there are points that are neither in one
of the “excluded” nor in one of the “not excluded”
regions listed in Table IV. The reason is that this ta-
ble defines regions only based on the values of three
parameters: the masses of the gluino, of the lighter
stop, and of the LSP. While these are the most im-
portant parameters deciding whether a model point is
excluded or not, they are not the only ones. For exam-
ple, the mass of the lighter sbottom is also relevant. In
our scan we always have mb˜1 > mt˜1 , but the mass dif-
ference is typically quite small if t˜1 is mostly an SU(2)
doublet, which requires mQ˜t < mt˜R . The presence of
b˜1 only slightly above t˜1 obviously increases the total
squark pair production cross section. Moreover, b˜1 and
t˜1 pair production often yield essentially the same fi-
nal state, if t˜1 → tχ˜01,2 and b˜1 → tχ˜−1 ; if kinematically
allowed, these are typically the most important decay
modes if t˜1 is mostly an SU(2) doublet. In contrast,
a mostly SU(2) singlet t˜1 prefers to decay into bχ˜
+
1
even if the decays into tχ˜01,2 are kinematically allowed.
The reason is that for the relevant case of higgsino–like
lighter chargino, the t˜Rbχ˜
±
1 coupling is proportional to
the top Yukawa coupling, while the t˜Lbχ˜
±
1 coupling is
proportional to the much smaller bottom Yukawa cou-
pling. This difference in t˜1 decay modes also affects the
r value of a model point.
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The upshot of this discussion is that some combina-
tions of mg˜, mt˜1 and mχ˜01 can be allowed, excluded or
ambiguous depending on the values of the other pa-
rameters. However, Table IV shows that over much of
the parameter space these three parameters suffice to
determine the fate of a model point.
In some cases strong dependence of the cut effi-
ciency on kinematic quantities, together with fluctua-
tions of the numbers of events actually observed in cer-
tain search regions, also leads to quite large differences
in r between points that are quite close in parameter
space. For instance, we found a pair of model points,
p74 and p11081 in our scan, with quite similar spectra
and decay branching ratios, yet their r values differ by
a factor of two. In both cases the gluino is so heavy
that its production can be ignored, while both t˜1 and
b˜1 lie at or below 600 GeV, while the LSP mass is rel-
atively light. As explained above, both t˜1 and b˜1 then
decay predominantly into a top quark and a higgsino–
like neutralino or chargino; recall that the two heavier
higgsino–like states effectively behave the same way as
the LSP, as far as LHC signatures are concerned. Point
p11081 has about 9% heavier squarks, and about 40%
heavier higgsinos, such that the energy of the top in
the rest mass of the decaying t˜1 is nearly the same in
both cases. Due to the larger squark masses this sce-
nario has nearly two times smaller squark production
cross section than p74, yet it yields a two times larger
value of r; as a result, p11081 is clearly excluded, while
p74 is ambiguous.
We found that the small kinematic differences be-
tween the two scenarios lead to significantly differ-
ent efficiencies in the ATLAS search for a hadroni-
cally decaying top pair plus missing ET [59]. As a re-
sult, the signal region expected to be most sensitive to
p11081 is from this search, whereas for p74 it is from
[55], which searches for final states with one lepton,
two jets and missing ET . Moreover, the relevant sig-
nal region in [59] contains fewer events than expected
from backgrounds, while the relevant signal region in
[55] contains somewhat more events than predicted in
the background–only hypothesis; these differences are
likely due to fluctuations. As a result, the actual r
value is higher than expected for p11081, but lower
than expected in p74.3 This, together with the strong
dependence of the cut sensitivity of the relevant analy-
sis in [59], leads to the counter–intuitive outcome that
only the heavier spectrum is excluded.
3 The LHC experiments use the S95 method [64] of setting lim-
its. This ensures that an under–fluctuation by more than
two standard deviations, which formally rules out the SM at
the 95% c.l. (without “look elsewhere” effect), does not ex-
clude all scenarios where the expected number of events is
larger than in the SM. This is essential, since given the large
number of signal regions included in the analysis, it is highly
likely that some fluctuate down by more than two standard
deviations. However, such a downward fluctuation still does
increase the r value even in the S95 method, as indeed it
should.
Finally, it is worth noting that, at least within our
definition of natural SUSY, we can derive absolute
lower bounds of 440 GeV and 230 GeV on the mass
of the gluino and the lighter stop squark, respectively.
These hold for all choices of the other parameters, in
particular also for very compressed spectra. As noted
above, monojet searches play an important role in de-
riving these absolute lower bounds.
Type Boundaries
Allowed mt˜1 > 630 GeV and mg˜ > 1150 GeV
mg˜ > 1100 GeV and mχ˜01
> 320 GeV
mt˜1 < 260 GeV or mg˜ < 480 GeV
Excluded mg˜ < 1040 GeV and mχ˜01
< 340 GeV
mg˜ < 1070 GeV and mχ˜01
< 200 GeV
mt˜1 < 390 GeV and mχ˜01
< 230 GeV
TABLE V. List of allowed and excluded regions, where we
now demand that in the allowed regions, all model points
have r < 1, while in excluded regions, all model points
have r > 1. There are no ambiguous points in this case.
Recall that we call a model point (clearly) excluded
only if rmax > 1.5. This helped to separate excluded
and allowed regions in the figures discussed in this
Section. Nevertheless this may be overly conservative,
since CheckMATE already incorporates the statistical
Monte Carlo error of the simulation in the calculation
of r. In Table V we therefore list “allowed” regions
where all model points satisfy r < 1 and “excluded”
regions where all model points have r > 1. Since there
are no ambiguous points in this definition, the “not ex-
cluded” regions listed separately in Table IV are then
identical to the “allowed” regions, and are therefore
not listed separately in Table V.
Comparing Table V with Table IV we see that both
the allowed and the excluded regions have become
larger, since the requirements defining these regions
have become weaker. However, the allowed regions in
Table V are still smaller than the corresponding “not
excluded” regions in Table IV, since the latter allow
points with rmax up to 1.5, while in the former all
points have to satisfy r < 1. In particular, the island
of compressed spectra discussed in Fig. 8 and listed as
third “not excluded” region in Table IV does not ap-
pear in Table V. We saw in Fig. 8 that some points in
this region have r < 2/3; these points obviously also
satisfy the requirement r < 1 used to define an allowed
model point in Table V. However, there are also model
points throughout this island with 1 < r < 1.5, which
are now counted as excluded, making it impossible to
define a contiguous allowed region defined in terms of
only the gluino, lighter stop and LSP masses in this
case. On the other hand, the other allowed and ex-
cluded regions in Table V do not differ too much from
the corresponding regions in Table IV. In particular,
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the absolute lower bounds on the t˜1 and gluino masses
have increased by only about 10%.
Finally, we want to investigate the impact of the
decoupled sparticle spectrum on our results. Here, we
want to have a closer look at the electroweak gaugino
sector. As discussed in Section II, we have fixed the
bino and wino mass parameters to rather large values,
M1 = M2 = 3 TeV. As a result, the mass splitting
between the second lightest neutralino or the chargino
and the LSP (see Fig. 1) is too small to have an mea-
surable effect on the LHC phenomenology. However, if
the values of the gaugino mass parameters are signifi-
cantly lowered, the mixing between the U(1) as well as
SU(2) gauginos and the higgsinos will become larger
and the mass gap between the second lightest neu-
tralino or the lighter chargino mass eigenstate and the
LSP will be widened. Hence, the decay products of
the chargino and the second lightest neutralino might
become energetic enough to be detected at the LHC.
We checked whether this is the case by varying the
Bino mass parameter M1 while keeping all other pa-
rameters the same. We then computed the optimal
value of r from gluino, stop and sbottom production
independently, rather than summing over all three
modes. This probes the M1 dependence of three differ-
ent signal regions. The results are depicted in Fig. 9.
We used the same model point for the stop and sbot-
tom pair production, with mt˜1 ' 380 GeV, mb˜1 ' 475
GeV and µ = 265 GeV. Recall that our input param-
eters are DR parameters; the physical squark masses
do therefore vary slightly when M1 is changed, but
the variation is well below 1%. We used a different
scenario to probe the M1 dependence of the gluino
pair production signal, with µ = 135 GeV, mg˜ ' 1085
GeV, mt˜1 ' 900 GeV and heavy b˜1 yielding r ' 1.5,
since a possible M1 dependence would be most im-
portant for us for scenarios with r ' 1, i.e. near the
boundaries of the allowed and excluded regions. In all
three cases we kept M2 fixed to 3 TeV. It is clear from
the plot that r is constant within the error induced
by the Monte Carlo statistics. We conclude that the
exact values of M1 and M2 are not relevant for our
results as long as |M1|, |M2|  |µ|.
We conclude this Section with some comments on
model points which are difficult to observe with run-1
SUSY searches. The simplest (and most obvious) rea-
son for this is that the total production cross section
before cuts becomes very small for heavy SUSY par-
ticles. Many of these model points will be tested by
run-2 of the LHC, which is currently under way.
Some model points are kinematically accessible but
still missed by all searches. We encountered one rea-
son for this already: a relatively compressed spectrum,
with small mass difference between the strongly inter-
acting superparticles and the LSP, greatly reduces the
cut efficiencies for most analyses. In the most extreme
case one has to fall back on monojet searches, where
the signal only occurs at O(α3S) and suffers from a
large irreducible background from Z+jet production.
1000 2000 3000
M1 [GeV]
0.1
1
r
sbottom
stop
gluino
FIG. 9. The value of r a function of the soft breaking pa-
rameter M1 for the lighter stop, sbottom and gluino pair
production. The other parameters are kept fixed. The
results for stop and sbottom pair production have been
computed with the same spectrum (but they probe differ-
ent signal regions), while the results for gluino production
are for a different model point, as explained in the text.
The errors shown are due to Monte Carlo statistics.
Another class of difficult model points satisfies
mt˜1 ∼ mχ˜01 + mt, with t˜1 → tχ˜01 being the dominant
decay mode. In this case the LSPs in the final state
often have small momenta, so that the event resem-
bles a tt¯ event. This leads to well–known holes in the
ATLAS and CMS exclusion plots in the t˜1 and LSP
mass planes. This has been discussed in Sect. II, where
we also pointed out that this scenario can only be ap-
proximated in our definition of natural supersymme-
try: if the phase space for t˜1 → tχ˜01 becomes too small,
t˜1 → bχ˜+1 decays will take over, which are always
allowed if χ˜01 is higgsino-like with mχ˜01 ' mt˜1 − mt.
One can try to suppress the branching ratio into the
chargino mode by making t˜1 mostly an SU(2) dou-
blet and chosing a small value of tanβ. However, the
latter cannot be too small, since we insist on reproduc-
ing the observed mass of the Higgs boson. Moreover,
a light doublet–like t˜1 implies that b˜1 is also relatively
light, with mass typically 40 to 100 GeV above mt˜1 .
Hence the top quarks from b˜1 decay will have signifi-
cant energy in the b˜1 rest frame, so that b˜1 pair pro-
duction can be distinguished from top pair production.
As a result, the smallest clearly allowed (ambiguous)
t˜1 mass for model points with mχ˜01 < mt˜1 −mt − 40
GeV and branching ratio B(t˜1 → tχ˜01,2) > 0.5 is about
390 (310) GeV (with mb˜1 = 470 (430) GeV). Further-
more, all model points where t˜1 is lighter than 450 GeV
and can decay into top plus neutralino have r ≥ 0.4,
and should thus be testable in future LHC runs.
14
V. SUMMARY AND CONCLUSIONS
In this work, we have considered natural SUSY sce-
narios characterized by light higgsinos with |µ| ≤ 500
GeV, relatively light third generation SU(2) doublet
squarks and singlet stops, mt˜1(2) ,mb˜1 ≤ 1.5 TeV, and
gluinos with mass mg˜ ≤ 3 TeV in order to preserve
the electroweak hierarchy. The first and second gener-
ation squarks, all sleptons as well as the EW gauginos
are decoupled; this avoids direct search limits from
ATLAS and CMS and suppresses FCNC and CP vi-
olating processes. Since the observed Higgs couplings
are consistent with the SM predictions, we work in
the decoupling limit where all additional Higgs bosons
predicted by the MSSM are also very heavy.
We have randomly generated 22000 natural SUSY
model points in the six dimensional parameter space:
mQ˜t , mt˜R , µ, M3, At and tanβ assuming flat pri-
ors. We demanded a SM like Higgs boson with mh =
125± 3 GeV and a neutralino LSP. In this setup, the
higgsino mass eigenstates are always almost mass de-
generate so that their decay products are too soft to
be observed, making it essentially impossible to probe
direct higgsino pair production at the LHC. On the
other hand, stops, sbottoms as well as gluinos can
be copiously produced at the LHC. Novel decay sig-
natures such as heavier stop decays into Z and h or
sbottom decays into W bosons emerge but these de-
cay modes cannot be probed with current LHC data
since mt˜2 > 800 GeV is required in order to obtain a
sufficiently heavy SM like Higgs and hence the heavier
stop could not produced at an observable rate during
LHC run–1.
We have generated signal events for each model
point and have passed the event files to CheckMATE
which provides a framework to test a model against
a large number of current ATLAS and CMS 8 TeV
searches for beyond the SM physics, in particular,
SUSY searches. We included the results of searches
optimized for simplified natural SUSY scenarios, of di-
rect squark and gluino searches and of inclusive SUSY
searches in our scan. All these searches have been im-
plemented and fully validated in CheckMATE. We have
found that nearly all the searches we include indeed ex-
clude some model points, and eight different searches
provide the best sensitivity in some region of parame-
ter space. This shows that considering a large number
of different searches is indeed necessary in order to
determine whether a model point is allowed or not.
The main results of our analysis are summarized
in Tables IV and V, which delineate allowed and ex-
cluded regions in parameter space. In particular, we
found that all scenarios where either mt˜1 < 230 GeV
or mg˜ < 440 GeV are clearly excluded, irrespective of
the values of the other parameters. On the other hand,
all model points with mt˜1 > 660 GeV and mg˜ > 1180
GeV are currently still clearly allowed. Here we call a
model point “clearly allowed” only if its predicted sig-
nal in the signal region which is expected to be most
sensitive to this point is at least 1.5 times the nominal
95% c.l. upper bound, while “clearly allowed” points
have the a predicted signal in this “optimal” signal
region which is at least a factor 1.5 below the nom-
inal bound. This serves to avoid overlap of allowed
and excluded regions due to Monte Carlo fluctuations.
Note also that we did not include any theoretical un-
certainty of our prediction beyond the statistical er-
ror of our Monte Carlo simulation. This factor of
1.5 can thus also be interpreted as a (rather conserva-
tive) estimate of the additional theory uncertainty. In
many cases it is sufficient to specify the masses of the
lighter stop, the gluino, and the LSP in order to decide
whether a parameter point is excluded or allowed, but
in some cases the values of the other parameters are
also important. In particular, there are significant dif-
ferences between points with doublet–like or singlet–
like lighter stop, not least because a doublet–like light
stop also implies a rather light sbottom. Moreover, we
found some cases where small differences in parame-
ters can lead to large differences in the ratio of the
expected signal in the most sensitive search region to
its upper bound.
Overall we find that a large part of the parameter
space of our definition of natural supersymmetry is
still allowed. Much of this parameter space can be
explored by run–2 of the LHC, which just started.
We forecast that inclusive SUSY searches will play an
increasingly prominent role in exploring the remain-
ing parameter space, while dedicated searches for fi-
nal states containing top or bottom quarks will play
a lesser role than in the analysis of run–1 data. How-
ever, most likely again many analyses, and an even
larger number of signal regions, will have to be com-
bined in order to comprehensively probe the remaining
parameter space. We look forward to the results of the
ongoing run.
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Appendix A: Analyses
Here we give brief descriptions of the analyses we
used in our scan. We focus on those aspects that are
relevant for our definition of natural SUSY, although
our model points are also tested against signal regions
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that are optimized for decay chains that cannot be
realized in our set–up.
1. 1308.2631 (ATLAS)
This analysis [51] concentrates on signatures with
two b−jets and missing transverse momentum. It
was optimized for sbottom pair production followed
by b˜1 → bχ˜01. A similar final state arises from stop
pair production followed by t˜1 → χ˜+1 b. The search
has two signal regions targeting scenarios with a large
mass splitting between the squark and the LSP or with
a compressed spectrum. The former signal region de-
mands large transverse momentum and two b−jets and
the latter requires a leading non b jet recoiling against
the squark pair system with two b tagged jets and large
transverse momentum.
2. 1403.4853 (ATLAS)
This search for direct stop pair production in final
states with two leptons and large missing transverse
momentum [52] targets scenarios with t˜ → χ˜±1 b with
∆m(χ˜±1 , χ˜
0
1) ≥ mW , or t˜ → tχ˜01 with an on (off)-shell
top quark. tt¯ and W+W− production are the main
background processes to this search and the strans-
verse mass mT2 observable [53] can be used to sup-
press these backgrounds very efficiently. The signal
regions targeting t˜1 → bχ±1 are divided according to
jet multiplicity and mT2, whereas one signal region
explicitly requires 2 b−jets. The on–shell t˜1 → tχ˜01
mode is addressed via a multivariate method and is
not implemented in CheckMATE.
3. 1404.2500 (ATLAS)
This analysis [54] considers final states containing
two same sign leptons or at least three leptons. This
search was optimized for gluino mediated stop produc-
tion, g˜ → t1t˜ with t˜1 → tχ˜01. Here, one can expect up
to four leptons in the final state. The selection require-
ments of the five signal regions differ in the number of
b−tagged jets, jet multiplicity, missing transverse mo-
mentum cut, threshold of the effective mass, and the
transverse mass computed from the pT of the hardest
lepton and the missing pT .
4. 1407.0583 (ATLAS)
This analysis [55] is designed to search for final
states containing one lepton, a minimum of two jets
and large transverse missing momentum. The study
contains fifteen signal regions targeting a large number
of stop pair production scenarios, with subsequent de-
cay modes such as t˜1 → tχ˜01, t˜1 → bχ˜±1 , t˜1 → bff ′χ˜01,
t˜1 → bWχ˜01, and non–symmetric decay modes such
as t˜1 → tχ˜01, t˜∗1 → b¯χ˜−1 . All signal regions include
a veto on a second lepton. The signal regions opti-
mized for t˜1 → tχ˜01 decays use shape information of
the large missing transverse momentum and transverse
mass distribution. If the mass difference between the
stop and neutralino is very large, the top quark can
be boosted and large–cone jets are used. The signal
regions targeting t˜1 → bχ˜±1 decays require different
kinematic cuts on the leptons, (b−)jets, missing trans-
verse momentum, transverse mass, asymmetric strans-
verse mass and b−jet multiplicity or vetoes on isolated
tracks and hadronic taus.
5. 1407.0608 (ATLAS)
In scenarios where t˜1 has small mass splitting to the
LSP the stop decay mode t˜1 → bχ˜01W can be kinemat-
ically closed, while the four–body decay t˜1 → `ν`bχ˜01 is
strongly suppressed because it is a third order process
which is very sensitive to phase space. Thus the loop–
induced decay t˜1 → cχ˜01 can be the dominant decay
mode [30]. This analysis [56] is optimized for searches
for stop pair production with t˜1 → cχ˜01. The study
has defined two classes of signal regions. Both sets
have the same preselection cuts which require a hard
jet, large missing transverse momentum and a lepton
veto. The first class of signal regions targets scenarios
with a very small mass splitting between the stop and
the neutralino LSP and thus the charm jets are too
soft to be reconstructible. The selection cuts thus iso-
late monojet events. The second set of signal regions
considers non–degenerate scenarios and exploits a ded-
icated charm tagging algorithm. The signal regions
are further divided by the applied cuts on the momen-
tum of the leading jet and on the missing transverse
momentum.
6. 1303.2985 (CMS)
This analysis is designed to be sensitive to hadronic
final states with missing transverse energy using the
variable αT [57]. The sensitivity of the search is im-
proved by categorizing events according to the mul-
tiplicities of b−tagged and other jets. The signal re-
gions span a wide range of cuts on the scalar sum of
transverse energies of all the jets. Hence, the search is
sensitive to a large number of third generation simpli-
fied models such as gluino mediated stop and sbottom
production and direct stop and/or sbottom production
followed by their hadronic decay.
7. ATLAS-CONF-2012-104
This search targets final states with at least four
hard jets, missing transverse momentum and one lep-
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ton, and uses an integrated luminosity of only 5.8 fb−1
[58]. The study has two non–overlapping search re-
gions corresponding to an electron and a muon chan-
nel. The event selection is mainly based on the trans-
verse mass of the lepton and missing transverse mo-
mentum, as well as on the inclusive mass defined as the
scalar sum of the transverse momenta of the lepton,
the jets and the missing transverse momentum. The
cuts are designed to efficiently suppress the dominant
tt¯ and W/Z+jet backgrounds. The search results were
interpreted as limits on the parameter space of mini-
mal supergravity scenarios. In particular, the search
is motivated by scenarios where a left handed squark
dominantly decays to a light chargino. However, the
search is also sensitive to natural SUSY scenarios, such
as gluino production with subsequent decays into tb¯χ˜−1
or into stop and top with semileptonic decay of the top
and hadronic stop decay.
8. ATLAS-CONF-2013-024
This analysis searches for direct production of the
top squark with subsequent decay into top plus LSP
[59]. It concentrates on the purely hadronic decay
mode of the top quark and thus the all–hadronic stop
search demands six or more jets while at least two
jets are tagged as b−jets. Each event is required to
be consistent with containing two top quarks and thus
two 3–jet systems must each have an invariant mass
consistent with the top quark mass. The signal def-
inition includes a lepton as well as a tau veto and a
considerable amount of transverse missing momentum
is required. The search is divided into three signal
regions with increasing minimum missing transverse
momentum cuts.
9. ATLAS-CONF-2013-047
This analysis [60] is designed to look for heavy
squark and gluino production in final states with high
momentum jets, large missing transverse momentum
and no leptons, using a total integrated luminosity of
20.3 fb−1. The null results are interpreted as limits on
simplified models in the gluino (squark) and neutralino
LSP mass plane as well as in mSUGRA/CMSSM pa-
rameter space. Since the search aims for heavy squark
and gluino production modes, meff is a powerful ob-
servable to separate the signal from the SM back-
ground. meff is defined as the scalar sum of the trans-
verse momenta of the jets in the final state plus the
missing transverse momentum. The large number of
signal regions with differing jet multiplicity and kine-
matic requirements allow to target a broad range of
squark and gluino models from short to long cascade
decays. As no b−jet veto is applied, the search is also
sensitive to natural SUSY models as long as high pT
jets and large missing transverse momentum are ex-
pected in the final state.
10. ATLAS-CONF-2013-061
This multi b−jets study [61] aims at final states with
four or more jets, at least three of which originate from
b−quarks, and large missing transverse momentum. It
uses an integrated luminosity of 20.1 fb−1. The signal
regions are defined via the number of charged leptons
(zero or ≥ 1), the jet multiplicity, as well as differ-
ent kinematic requirements on jet momentum, miss-
ing transverse momentum and the effective mass. In
[61] the search results are interpreted in the context
of simplified natural SUSY scenarios and in the con-
text of mSUGRA/CMSSM scenarios, but this search is
also very powerful in constraining natural SUSY mod-
els since gluino pair production there frequently leads
to final states with four b−quarks. Several signal re-
gions target gluino decays into g˜ → b˜b or g˜ → t˜t,
while others consider scenarios with gluinos decaying
via off–shell third generation squarks.
11. ATLAS-CONF-2013-062
This analysis [62] focuses on searches for squarks
and gluinos in final states with isolated (soft) lep-
tons, jets and missing transverse momentum, using
a data set corresponding to an integrated luminosity
of 20 fb−1. Limits are derived on simplified gluino
and stop pair production scenarios as well on the
mSUGRA/CMSSM model. This search is divided into
five classes of signal regions which are based on the
inclusive hard single lepton channel, a soft single lep-
ton channel optimized for compressed spectra, the soft
dimuon channel addressing the mUED model and soft
single lepton signal regions with one or two b−jets tar-
geting stop pair production for small and moderate
mass splitting between the stop and the neutralino
LSP, respectively.
12. CMS-SUS-13-016 (CMS)
This analysis [63] searches for superparticle produc-
tion in events with two opposite sign leptons, a large
number of jets, b−tagged jets, and large missing trans-
verse energy. This search is designed to search for
gluino pair production with g˜ → tt¯χ˜01. It only has one
signal region which demands at least five jets, three
of which are b−tagged, and large missing transverse
momentum.
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